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Abstract
Purpose The aim of the present study was to test the
hypotheses that a greater oxidative capacity in children
results in a lower phosphocreatine (PCr) depletion, a faster
PCr resynthesis and a lower muscle acidification during
high-intensity intermittent exercise compared to adults.
Methods Sixteen children (9.4 ± 0.5 years) and 16 adults
(26.1 ± 0.3 years) completed a protocol consisting of a
dynamic plantar flexion (10 bouts of 30-s exercise at 25 %
of one repetition maximum separated by 20-s recovery),
followed by 10 min of passive recovery. Changes of PCr,
ATP, inorganic phosphate, and phosphomonoesters were
measured by means of 31Phosphorous-magnetic resonance
spectroscopy during and post-exercise.
Results Average PCr (percentage of [PCr] at initial rest
(%[PCr]i)) at the end of the exercise (adults 17 ±
12 %[PCr]i, children 38 ± 17 %[PCr]i, P \ 0.01) and
recovery periods (adults 37 ± 14 %[PCr]i, children
57 ± 17 %[PCr]i, P \ 0.01) was significantly lower in
adults compared to children, induced by a stronger
PCr decrease during the first exercise interval (adults
-73 ± 10 %[PCr]i, children -55 ± 15 %[PCr]i, P \ 0.01).
End-exercise pH was significantly higher in children
compared to adults (children 6.90 ? 0.20, -0.14; adults
6.67 ? 0.23, -0.15, P \ 0.05).
Conclusions From our results we suggest relatively higher
rates of oxidative ATP formation in children’s muscle for
covering the ATP demand of high-intensity intermittent
exercise compared to adults, enabling children to begin each
exercise interval with significantly higher PCr concentrations
and leading to an overall lower muscle acidification.
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pH Intracellular pH
Pi Inorganic phosphate
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PP Peak power output
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ROM Range of motion
SD Standard deviation
s Time constant
W Watts
WAnT Wingate anaerobic test
W/kg mm Watts per kilogram muscle mass
1RM One repetition maximum
31P-MRS 31Phosphorous-magnetic resonance
spectroscopy
%[PCri] Percent of PCr at initial rest
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Introduction
It is well known that children differ from adults in their
motional behaviour, with a preference for intermittent,
high-intensity, and short duration actions (Bailey et al.
1995). These differences are accompanied by develop-
mental-changes (e.g. biological maturation), which influ-
ence hormone status and metabolism during childhood
(Boisseau and Delamarche 2000). Thus, it is not surprising
that during repeated high-intensity exercise bouts (i.e.
running or cycling sprints) children also differ from adults,
showing a better resistance to fatigue and a faster recovery
after exercise (Hebestreit et al. 1993; Ratel et al. 2002a, b;
Dotan et al. 2003; Zafeiridis et al. 2005; Paraschos et al.
2007). These age-related differences can be attributed to
quantitative and qualitative specific muscle characteristics.
Muscle mass and absolute power output increase with
maturation. Children’s muscles contain a higher percentage
of type I fibres which results in a lower glycolytic activity
and a higher oxidative capacity compared with adults
(Malina 1969; Dore´ et al. 2000; Van Praagh and Dore´
2002). In addition, shorter diffusion distances for respira-
tory gases and metabolites between the capillaries and the
muscle fibres may be responsible for higher rates in oxi-
dative phosphorylation and the subsequent faster PCr
resynthesis, better acid–base regulation, and, for example,
a faster lactate removal in children (Falk and Dotan 2006;
Ratel et al. 2006).
31Phosphorous-magnetic resonance spectroscopy (31P-
MRS) offers a more detailed insight into the metabolic
changes occurring in exercising muscles, and seems to be an
appropriate technique for studies of children due to its non-
invasive nature, positive correlations with muscle biopsy
values, and high reliability in different age groups (Cooper
and Barstow 1996; Rico-Sanz et al. 1999; Roussel et al. 2000;
Larson-Meyer et al. 2001; Bendahan et al. 2002; Barker et al.
2006; Armstrong and Fawkner 2008; Layec et al. 2009).
Although several previous studies using 31P-MRS pro-
vided a better insight into the physiological and metabolic
differences between children and adults (Zanconato et al.
1993; Kuno et al. 1995; Taylor et al. 1997; Petersen et al.
1999; Barker et al. 2008a; Ratel et al. 2008; Fleischman
et al. 2010; Tonson et al. 2010; Willcocks et al. 2010),
research concerning muscle metabolism in children
remains incomplete. The potential sex-specificity was
considered only sporadically (Barker et al. 2008a; Will-
cocks et al. 2010). In addition, a detailed quantification of
the subject’s physical fitness was only reported in moderate
but not high-intensity exercises (Zanconato et al. 1993;
Barker et al. 2008a, b). In addition, there is a lack of
information regarding the use of short high-intensity
intermittent exercise in children (only adults have been
assessed; Forbes et al. 2008).
In general, there is much controversy in the research
comparing children and adults. For example, there is con-
flicting evidence whether glycolytic activity is lower in
children than adults during moderate to high-intensity
exercise (Eriksson et al. 1973, 1974; Berg et al. 1986;
Zanconato et al. 1993; Kuno et al. 1995; Kaczor et al.
2005; Barker et al. 2008a) or similar between the age
groups (Ratel et al. 2008; Tonson et al. 2010; Willcocks
et al. 2010). Also, different findings were reported on the
mitochondrial oxidative capacity in skeletal muscle esti-
mated by means of post-exercise recovery of PCr, which
seems to be directly related to the oxidative metabolism
capacity (Meyer 1988; Blei et al. 1993; McCreary et al.
1996; Rossiter et al. 2002). Whether PCr recovery is faster
in children than adults (Ratel et al. 2008; Fleischman et al.
2010; Tonson et al. 2010) or shows similar kinetics (Kuno
et al. 1995; Barker et al. 2008a) is still disputed. Moreover,
the few studies are available in analysing muscle biopsies
samples in children compared to adults also lead to dif-
ferent conclusions about the oxidative capacity, with con-
flicting evidence whether oxidative capacity is greater in
children than adults [i.e. with enzymes involved in the
citric acid cycle showing higher activity in children and
pubescent than in adults (Haralambie 1982; Berg et al.
1986)].
Therefore, the aim of the present study was to analyse
the kinetic changes of PCr, ATP, inorganic phosphate (Pi),
sugar phosphates, and the intracellular pH by means of 31P-
MRS in the calf muscle, providing further insight into the
mechanisms underlying the faster recovery and the higher
fatigue resistance in children compared with adults. We
tested the hypotheses that, during high-intensity intermit-
tent plantar flexion exercise, a greater muscle oxidative
capacity in children will result in a lower PCr consumption,
a faster PCr resynthesis and therefore, in higher levels of
PCr at the beginning and at the end of each exercise
interval, with no sex differences present for both age
groups. Also muscle acidification was hypothesised to be
lower in children than in adults during the high-intensity
intermittent exercise.
Methods
Participants
A total of 16 children (eight males and females, age
9.4 ± 0.5 years) and 16 adults (eight males and females,
age 26.1 ± 0.3 years) volunteered to participate in the
study (Table 1). The subjects participated in recreational
sports (e.g. jogging, tennis and handball in adults or foot-
ball, swimming and riding in children) for several years
(i.e., an average of 2 times per week). Prior to any
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participation, the experimental procedures and potential
risks of the study were fully explained to the participants
and their parents. The Ethics committee of the Ruhr-Uni-
versity Bochum approved the project and written informed
consent was obtained from the adults and the parents of the
children, while the children assented verbally to partici-
pate. Pre-experimental medical exams identified that all
subjects were healthy and showed no contraindications to
exercising.
Experimental protocol
Study design
All subjects performed pre-exercise tests in a randomized
order to determine their physical fitness. A minimum
recovery phase of 24 h was scheduled between the tests.
All subjects were instructed to refrain from intense physi-
cal exercise before tests, and to consume their last (car-
bohydrate rich or fatty) meal at least 2 h before the
scheduled test time. Anthropometric data were collected at
the beginning of the first test session. Finally, all subjects
performed a standardised rest-exercise-recovery test during
which the energy metabolism of the calf muscle was
measured by means of 31P-MRS.
Descriptive data
Anthropometric measurements. Height and body mass were
measured using a medical scale (Soehnle Professional
2755, Soehnle Professional GmbH, Backnang, Germany)
with subjects wearing socks and light clothes. Muscle mass
was estimated by a portable multi-frequency bioelectrical
impedance analyser (BIA 101 Anniversary Sport Edition,
Akern, Pontassieve, Italy). The analysis was performed
after 5 min with the subject lying in a supine position.
While the subjects were lying supine, their arms and legs
were positioned at an angle of 45 to the body axis, to
avoid the contact of upper and lower extremities with the
trunk, which might interfere with the bioimpedance mea-
sures. After skin clearing with alcohol wipes, four elec-
trodes were placed on the right side of the body: two on the
back of the hand, with one proximal and the other distal to
the wrist, and two on the instep of the foot, with one distal
and the other proximal to the ankle. A minimum distance
of 5 cm between the two electrodes was calculated.
Physical fitness measurements. An incremental treadmill
test (Marathon HS, Heinz Kettler GmbH & Co KG, Ense-
Parsit, Germany) was used to determine _VO2 peak. The test
began with an initial velocity of 1.6 m  s-1, increasing
0.4 m  s-1 every 3 min until subjective exhaustion, with a
constant grade of 1 % (Heck et al. 1985). _VO2 peak was
defined as the highest _VO2 value measured over 30 s on the
test and was normalized to muscle mass.
All subjects performed a Wingate anaerobic test
(WAnT) (Bar-Or 1987; Inbar et al. 1996), on a cycle
ergometer (Cyclus 2, RBM elektrik automation GmbH,
Leipzig, Germany) to calculate mean and peak power
output (MP and PP, respectively). Prior to the exercise test,
seat height was adjusted to accommodate the subject’s
stature, such that the knee would be slightly bent at max-
imal leg extension. A 5-min standardised warm up, con-
sisted of pedalling at a cadence of 80 rpm at a constant
power output set at 15 W (children) and 100 W (adults)
interspersed with three all-out sprints lasting 5 s, was
performed (Inbar et al. 1996). After a 5-min rest, subjects
were instructed to pedal at full speed with the cycle
ergometer unloaded for 5–8 s. At this stage, the full brake
force [F = 0.74  kg/0.175 (children), F = 0.96  kg/0.14
(adults)] was applied and a 30-s count started (Dotan and
Table 1 Anthropometric data and characteristics of physical fitness
Variable Girls
(n = 8)
Boys
(n = 8)
Women
(n = 8)
Men
(n = 8)
ANOVA (P value)
Age Sex Age 9 sex
Age (years) 9.4 ± 0.5 9.4 ± 0.5 26.3 ± 1.8 25.9 ± 3.0 \0.01 NS NS
Height (cm) 139.9 ± 6.7 138.4 ± 5.7 170.4 ± 8.5* 180.1 ± 3.3* \0.01 \0.01 0.02
Body mass (kg) 36.7 ± 9.6 34.9 ± 5.7 63.3 ± 9.6* 74.9 ± 4.5* \0.01 \0.01 0.02
Muscle mass (kg) 16.3 ± 2.8 16.8 ± 2.9 32.8 ± 3.4* 47.4 ± 3.4* \0.01 \0.01 \0.01
Muscle mass (% bm) 45.5 ± 5.4 48.8 ± 7.4 52.3 ± 5.1 63.5 ± 3.5 \0.01 \0.01 NS
_VO2 peak (ml/min/kg mm) 97.5 ± 10.6 105.6 ± 6.2 94.6 ± 8.2 87.3 ± 5.4 \0.01 \0.05 NS
PP WAnT (W/kg mm) 19.1 ± 3.2 18.5 ± 3.1 25.6 ± 3.3 20.9 ± 1.7 \0.01 NS 0.01
MP WAnT (W/kg mm) 10 ± 2 10 ± 1 14 ± 2 14 ± 2 \0.01 NS NS
Values are mean ± SD
Bm body mass, _VO2 peak highest _VO2 value attained on an incremental treadmill test until exhaustion, mm muscle mass, PP WAnT Wingate
anaerobic test peak power, MP WAnT Wingate anaerobic test mean power
ANOVA, two-way analysis of variance (* P \ 0.05). NS, no significant differences observed
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Bar-Or 1983; Chia et al. 1997). Researchers verbally
encouraged the subjects throughout the test. MP and PP,
the highest power achieved at any 3-s stage of the test,
were normalized to muscle mass.
Estimated one repetition maximum (1RM). To determine
the load of the high-intensity dynamic plantar flexion
exercise the individual 1RM was estimated in each subject.
After a standardised warm-up consisted of 24 repetitions
with 10 kg for children and 20 kg for adults, subjects were
asked to lift the load as often as possible with 50 % of their
individual body weight. According to the lifted weight and
the number of repetitions the hypothetical 1RM was cal-
culated (Gießing 2003).
Dynamic plantar flexion exercise. During fatiguing
exercise and subsequent recovery, depletion and recovery
of PCr, ATP, inorganic phosphate (Pi), and phospho-
monoesters (PME, sugar phosphates), were measured in the
right calf muscle by 31P-MRS, following the methods of
Zange et al. (2008). Subjects were lying on a treatment
table, in a supine position, with their legs in the 40 cm
diameter bore of the magnetic resonance (MR) magnet.
The right calf was placed on a calf holder with integrated
1H/31P-MR surface coil, with the leg slightly flexed
(approximately 10). The right foot was fixed with straps
on a pedal linked to a load via a block and tackle con-
struction. The footplate of the pedal could be turned
between 70 and 40 relative to the horizontal position. The
lift of the load was optically measured using a striated tape
and a photoelectric relay, in order to calculate the force–
time integral (FTI) and FTI per kg of body mass (FTI/
kg bm) as well as the range of motion (ROM) per lift
(Zange et al. 2008).
After 1 min lying at rest, serving as baseline reference,
the dynamic interval exercise began, consisting of ten bouts
of 30-s exercise interspersed 20-s rest periods. After the
10th exercise bout, subjects rested for 10 min. Subjects
were asked to lift the load (25 % of their individual esti-
mated 1RM) 24 times per exercise bout, following an
audible signal. Subjects were verbally encouraged
throughout the exercise to complete the whole ROM during
each plantar flexion.
31P-MRS and energy metabolism. The MR spectra of the
calf were obtained in a 4.7 Tesla 40 cm horizontal bore
spectrometer using a 5-cm diameter 1H/31P surface coil
(Bruker-Biospec 47/40, Bruker-Medical, Ettlingen, Ger-
many). This coil was placed below the belly of the right
calf. The resonance frequencies were 200 MHz for 1H and
81 MHz for 31P, respectively. 1H spectra were used to
optimise magnetic field homogeneity (shimming). For the
water signal a line half width lower than 48 Hz was
accepted. In most examinations, a value better than 40 Hz
was reached. A pulse length of 100 ls was used for 31P-
MRS. The flip angle was 60 at the centre of the coil. For
each spectrum, eight free induction decays (FIDs) were
acquired in 10 s. The vector size was 2,048 complex data
points. The smaller surface coil size and the lower flip
angle degree were chosen to insure that similar parts of the
two working muscles [soleus (80–90 % type I) and gas-
trocnemius (50 % type I, 50 % type II)] are measured in
both age groups. In addition, a minimisation of the par-
ticipation of the soleus by lower ingression energy was
pursued (Barker and Armstrong 2010).
Spectra were evaluated for PCr, Pi, beta phosphate in
ATP, and for PME [sugar phosphates including predomi-
nantly glucose-6-phosphate (Rothman et al. 1992)].
Metabolic concentrations were generally given in per-
cent of [PCr] at initial rest (%[PCr]i). The areas under each
peak relative to the PCr peak were corrected for partial spin
saturation comparing the peak ratios from spectra with
fully relaxed spins (10 s pulse repetition time) with spectra
recorded at 1.25 s pulse repletion time. The following
factors were determined and used to correct the %[PCr]i
values: PME 1.24, Pi 1.03 and ATP 0.82. We assumed that
these factors were constant throughout the experiment.
Finally all peak areas were corrected for losses in the RF-
signal causes by the motion of the calf during exercise. The
correction factor was calculated from the ratio of sum of all
evaluated signal integrals of the current spectrum and the
corresponding sum of the first spectrum recorded at rest.
The time course of the final PCr recovery following the
10th set of exercise was fitted with the non-linear regres-
sion function for fitting an exponential rise to maximum
with three parameters provided by the software Sigmaplot
11 (Systat Software GmbH, Erkrath, Germany). Correla-
tion coefficients were better than 0.90 and in all cases
correlations were highly significant (P \ 0.01). The time
constant (s in s) was used as an indicator for the capacity of
oxidative ATP formation.
PCr ðt) ¼ PCr ðt ¼ 0Þ þ a ð1  et=sÞ
The intracellular pH (pH) was determined by the
chemical shift of the phosphate peak (d in ppm) relative
to PCr (Taylor et al. 1983; Arnold et al. 1984). The
resonance frequency of the PCr signal was defined as
0 ppm.
pH ¼ 6:75 þ log ððd 3:27Þ=ð5:69  dÞÞ
Statistical analysis
Data were expressed as mean values ± standard deviations
(SD). The logarithmic pH-values were averaged as H?
concentrations ± SD which resulted in asymmetrical SDs
in mean pH-values. The subject’s anthropometric data and
characteristics of physical fitness as well as the variables
describing the average mechanical performance during
plantar flexion exercise, the initial and final metabolite
2772 Eur J Appl Physiol (2013) 113:2769–2779
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levels as well as the post-exercise recovery time constant s
determined by 31P-MRS were compared using a two-way
analysis of variance with the main factors age (adults vs.
children) and sex (males vs. females). A multifactor repe-
ated measure analysis of variance was used to determine
significant effects for age, sex and time for the metabolite
levels at the end of each set of the ten exercise intervals and
after each 20-s recovery period, respectively. For all sta-
tistical analysis a significance level of P \ 0.05 was used.
Results
The anthropometric data and physical fitness characteris-
tics of each group are shown in Table 1. Results showed
significant main effects (P B 0.01) for age in all the vari-
ables analysed. Significant main effects for sex (P \ 0.01)
and age 9 sex interactions (P \ 0.05) were calculated
partially (Table 1). Significant main effects (P \ 0.05) for
sex were only found in adults.
Resting muscle metabolic values did not differ between
the age and sex groups. Changes in PCr as well as Pi, ATP,
PME and pH in the calf muscle of children and adults
during the high-intensity exercise and post-exercise
recovery are illustrated in Figs. 1, 2, 3, 4, and 5 and also
reported in Table 2.
The time course of PCr is shown in Fig. 1. During the
plantar flexion exercise, average PCr at the end of the
exercise (girls 38 ± 22 %[PCr]i, boys 37 ± 17 %[PCr]i,
women 17 ± 12 %[PCr]i, men 18 ± 16 %[PCr]i) and
recovery (girls 54 ± 21 %[PCr]i, boys 60 ± 18 %[PCr]i,
women 36 ± 18 %[PCr]i, men 38 ± 18 %[PCr]i) periods
was significantly lower in adults compared to children
(P \ 0.01), with no sex or interaction effects. PCr decrease
during the first exercise bout (PCrDint1) was significantly
lower in children (girls -50 ± 12 %[PCr]i, boys -60 ±
17 %[PCr]i) compared to adults (women -77 ±
12 %[PCr]i, men -69 ± 7 %[PCr]i) (P \ 0.01), with no
difference found for the subsequent exercise intervals.
There was no main effect for sex, but an interaction
between age and sex was identified for the first exercise
interval (P \ 0.05) (Table 2).
The level of Pi nearly mirrored the time course of PCr
(Fig. 2; Table 2). Accordingly, average Pi was significantly
Fig. 1 Changes in phosphocreatine (PCr, % initial, mean ± SD) in
the calf muscles of adults (filled circles, n = 16) and children (open
circles, n = 16) during ten sets of 30-s high-intensity dynamic plantar
flexion followed by 20-s recovery in between sets and 10-min post-
exercise recovery. **During exercise P \ 0.01 for all: end-contrac-
tion (age, time), end-recovery (age, time; ANOVA), no significant
differences were found for sex and the interactions
Fig. 2 Changes in inorganic phosphate (Pi, % initial [PCr],
mean ± SD) in the calf muscles of adults (filled circles, n = 16)
and children (open circles, n = 16) during ten sets of 30-s high-
intensity dynamic plantar flexion followed by 20-s recovery in
between sets and 10 min post-exercise recovery. **P \ 0.01 during
exercise for all: end-contraction (age, time), end-recovery (age, time,
age 9 time) as well as last min of post-exercise recovery (age;
ANOVA), no significant differences were found for sex and further
interactions
Fig. 3 Changes in ATP (% initial [PCr], mean ± SD) in the calf
muscles of adults (filled circles, n = 16) and children (open circles,
n = 16) during ten sets of 30-s high-intensity dynamic plantar flexion
followed by 20-s recovery in between sets and 10 min post-exercise
recovery. **During exercise: end-contraction (age P = 0.02, time
P \ 0.01), end-recovery (age P \ 0.01, time P = 0.03) as well as last
min of post-exercise recovery (age P \ 0.01; ANOVA), no signif-
icant differences were found for sex and interactions
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lower in children than in adults at the end of each exercise
(girls 65 ± 22 %[PCr]i, boys 62 ± 14 %[PCr]i, women
82 ± 14 %[PCr]i, men 81 ± 17 %[PCr]i) and recovery
period (girls 48 ± 20 %[PCr]i, boys 41 ± 15 %[PCr]i,
women 64 ± 20 %[PCr]i, men 63 ± 20 %[PCr]i) during
plantar flexion exercise (P \ 0.01), with no sex or inter-
action effects.
ATP levels were significantly lower in adults (women
22 ± 9 %[PCr]i, men 22 ± 8 %[PCr]i) compared to chil-
dren (girls 26 ± 7 %[PCr]i, boys 28 ± 7 %[PCr]i) during
the plantar flexion exercise (P \ 0.01), with no sex or
interaction effects (Table 2). At the end of the exercise
ATP levels in adults were significantly lower than at rest
(22 ± 6 %[PCr]i vs. 27 ± 4 %[PCr]i, P \ 0.01), while in
children ATP levels did not significantly decrease during
exercise (Fig. 3).
For PME no differences were found for the age and sex
groups during exercise (Fig. 4). End-exercise pH was sig-
nificantly higher in children compared to adults (girls
6.81 ? 0.16, -0.12; boys 7.00 ? 0.14, -0.11; women
6.63 ? 0.26, -0.16; men 6.71 ? 0.21, -0.14, P \ 0.05)
(Fig. 5).
During the 10 min recovery after the high-intensity
dynamic plantar flexion exercise, PCr increased in a
exponential manner to a value close to rest in both age and
sex groups (girls 103 ± 2 %[PCr]i, boys 103 ± 2 %[PCr]i,
women 104 ± 5 %[PCr]i, men 104 ± 3 %[PCr]i; Fig. 1).
In children the time constants of PCr increase (s) were
smaller than in adults (girls 45 ± 33 s, boys 24 ± 8 s,
women 44 ± 18 s, men 55 ± 27 s) which, however, only
approached statistical significance (P = 0.09) because of a
large variability of s values in both groups. No sex effects
or interactions were identified for s.
Table 3 shows the mechanical performance data
obtained during the ten sets of exercise. The lifted load was
significantly lower in children (girls 19.4 ± 4.0 kg, boys
19.8 ± 3.6 kg) compared to adults (women 37.2 ± 3.9 kg,
men 45.0 ± 2.7 kg) (P \ 0.01), resulting in significantly
lower absolute force–time integrals per lift (girls 140 ± 42
Ns, boys 93 ± 33 Ns, women 233 ± 79 Ns, men 228 ± 63
Ns) (P \ 0.01). After correction for body mass all signif-
icant age specific differences disappeared. The normalised
force–time integrals per lift and the range of motion did not
differ between the age groups. No sex effects or age 9 sex
interactions were identified for the mechanical perfor-
mance data.
Discussion
The aim of the present study was to analyse the kinetic
changes of PCr, ATP, inorganic phosphate (Pi), sugar
phosphates, and the intracellular pH by means of 31P-MRS
in the calf muscles during high-intensity intermittent
plantar flexion exercise, in children compared with adults.
It was hypothesised that the greater muscle oxidative
capacity in children will result in a lower PCr consumption,
a faster PCr resynthesis and therefore, in higher levels of
PCr at the beginning and at the end of each exercise
interval, with no sex differences in both age groups. Also
muscle acidification was hypothesised to be lower in
children than in adults during the high-intensity intermit-
tent exercise. These hypotheses were only partially sup-
ported by the present results, showing that PCr breakdown
was significantly greater in adults compared to children
only during the first exercise interval. The PCr breakdown
and recovery was similar in children and adults in the
Fig. 4 Changes in phosphomonoesters (PME, predominantly glu-
cose-6-phosphate, % initial [PCr], mean ± SD) in the calf muscles of
adults (filled circles, n = 16) and children (open circles, n = 16)
during ten sets of 30-s high-intensity dynamic plantar flexion
followed by 20-s recovery in between sets and 10 min post-exercise
recovery. **P \ 0.01 during exercise for all: end-contraction (age,
time), end-recovery (age, time, age 9 time) as well as last min of
post-exercise recovery (age; ANOVA), no significant differences
were found for sex and further interactions
Fig. 5 Changes in pH (mean ± SD) in the calf muscles of adults
(filled circles, n = 16) and children (open circles, n = 16) during ten
sets of 30-s high-intensity dynamic plantar flexion followed by 20-s
recovery in between sets and 10 min post-exercise recovery.
**P \ 0.01 during exercise for all: end-contraction (age, time),
end-recovery (age, time, age 9 time; ANOVA), no significant
differences were found for sex and further interactions
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subsequent exercise, such that the overall PCr concentra-
tion oscillated between exercise and recovery intervals at a
higher level in children than in adults (Fig. 1; Table 2).
Together with a significantly lower muscle acidification in
children during exercise, results point to higher rates in
oxidative phosphorylation and lower rates of anaerobic
ATP formation in children’s muscle than in adult’s, during
high-intensity intermittent exercise. Moreover, and con-
cerning the metabolic responses during the exercise pro-
tocol we did not find differences between sex groups (i.e.,
boys vs. girls, women vs. men).
In order to have a valid metabolic comparison between
children and adults there were important methodological
prerequisites, which were that the mechanical load and the
initial muscle metabolic values were comparable for both
age and sex groups. The loads used during the high-
intensity intermittent protocol normalised to 25 % 1RM
also resulted in almost equal loads per body mass, and
relative force–time integrals as well as the range of motion
for the initial exercise interval and for the mean of the
subsequent intervals, were similar in both age groups
(Table 3). Moreover, the initial ratios of PCr/ATP, PCr/Pi,
and PCr/PME, as well as the initial pH formed a compa-
rable baseline for age and sex groups, which was in
agreement with several previous studies using muscle
biopsies or 31P-MRS (i.e., in the calf or finger flexor
muscles) (Eriksson 1980; Taylor et al. 1997; Barker et al.
2008a; Ratel et al. 2008; Tonson et al. 2010).
A general examination of our results showed that, during
the high-intensity intermittent plantar flexion exercise, the
Table 2 Exercise induced changes in PCr, Pi and ATP
Variable x;- Girls
(n = 8)
Boys
(n = 8)
Women
(n = 8)
Men
(n = 8)
ANOVA age
(P value)
PCr int1 50 ± 12 40 ± 17 23 ± 16 31 ± 7 \0.01 (f)
int2 to int10 37 ± 23 37 ± 17 16 ± 12 17 ± 15 \0.01 (rm)
Dint1 -50 ± 12 -60 ± 17 -77 ± 12 -69 ± 7 \0.01 (f)a
Dint2 to int10 -19 ± 13 -20 ± 9 -18 ± 13 -22 ± 11 NS (rm)
Pi int1 74 ± 9 67 ± 11 54 ± 11 59 ± 14 \0.01 (f)
int2 to int10 83 ± 15 83 ± 17 66 ± 22 63 ± 15 \0.01 (rm)
Dint1 45 ± 11 51 ± 14 66 ± 8 60 ± 11 \0.01 (f)
Dint2 to int10 17 ± 11 21 ± 10 19 ± 16 22 ± 12 NS (rm)
ATP int1 to int10 26 ± 7 28 ± 7 22 ± 9 22 ± 8 \0.01 (rm)
Values are mean ± SD
Int mean levels [%PCri] at the end of exercise interval, Dint mean changes during exercise intervals from initial rest (int1) or the end of the
previous recovery interval (int2 to int10)
ANOVA, analysis of variance (f, factorial; rm, repeated measure; P \ 0.05). NS, no significant differences observed
a Age 9 sex: P \ 0.05. No further significant differences were found for sex and sex 9 age
Table 3 Average mechanical performance during the ten sets of exercise
Variable Girls
(n = 8)
Boys
(n = 5)
Women
(n = 8)
Men
(n = 8)
ANOVA age
(P value)
Load (kg) 19.4 ± 4.0 19.8 ± 3.6 37.2 ± 3.9 45.0 ± 2.7 \0.01
Load (% bm) 53.7 ± 7.0 56.7 ± 4.4 59.3 ± 5.3 60.2 ± 3.2 0.02
FTI1 (Ns) 140 ± 42 93 ± 33 233 ± 79 228 ± 63 \0.01
FTIØ (Ns) 119 ± 18 81 ± 24 206 ± 19 231 ± 19 \0.01
FTI1 (Ns/kg bm) 3.8 ± 1.4 3.0 ± 0.9 3.9 ± 1.2 2.5 ± 0.6 NS
FTIØ (Ns/kg bm) 3.4 ± 1.3 3.1 ± 0.7 3.4 ± 1.3 2.2 ± 0.6 NS
ROM1 (mm) 30 ± 14 28 ± 6 33 ± 12 28 ± 12 NS
ROMØ (mm) 23 ± 4 28 ± 2 22 ± 5 24 ± 3 NS
Values are mean ± SD
Bm body mass, FTI force–time integral per lift, FTI1 during the first exercise interval, FTIØ average during all exercise intervals, Ns newton
second, ROM range of motion, mm millimeter
ANOVA, two-way analysis of variance (P \ 0.05). NS, no significant differences observed. No significant differences were found for sex and
age 9 sex
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kinetics of PCr concentrations showed a normal pattern
(i.e., depletion and repletion), which was accompanied by a
stoichiometric increase and decrease of Pi levels (Figs. 1,
2). The time course of pH also followed the PCr concen-
trations pattern. In addition average pH decreased, which
was likely caused by the formations of lactic acid and CO2
which both resulted in an accumulation of protons (Kemp
et al. 1993) (Fig. 5). The length of the rest intervals was
adequate to generate an incomplete but significant PCr
recovery as a precondition to maintain constant ATP levels
at least in children (Fig. 3). Overall, these results are in
agreement with previous research (Kemp and Radda 1994;
Kemp et al. 2005; Barker and Armstrong 2010). However,
in adults, ATP levels were decreased during the exercise
protocol and were not recovered until the end of the test.
This moderate persisting decrease in adenine nucleotides
may indicate that in adult muscle PCr reached so low levels
that ADP activated the myokinase forming AMP and ATP
from 2 ADP. Typically AMP leaves the adenine nucleotide
pool by deamination and the purine nucleotide cycle
(Lowenstein 1990).
Results from the present study showed important dif-
ferences comparing children and adults. PCr levels
observed throughout the exercise remained significantly
higher in children than in adults, both at the end of each
exercise bout (38 ± 17 %[PCr]i vs. 17 ± 12 %[PCr]i,
P \ 0.01) and after each recovery period (57 ± 17 %[PCr]i
vs. 37 ± 14 %[PCr]i, P \ 0.01) (Table 2; Fig. 1), together
with a significantly lower muscle acidification, probably
due to the creatine-kinase reaction (Conley et al. 2001).
This might be related to the lower PCr consumption
observed during the first exercise interval in children
compared to adults (55 ± 15 %[PCr]i vs. 73 ± 10 %[PCr]i,
P \ 0.01). In adults the recovery from significantly lower
end-exercise PCr levels caused a stronger additional
decrease in pH at the onset of post-exercise recovery
compared to children.
During the first exercise interval the lower PCr con-
sumption in children might be explained by the oxidative
phosphorylation, which in children covers a large portion
of the ATP demands earlier than in adults (Cooper and
Barstow 1996; Williams et al. 2001; Fawkner et al. 2002;
Fawkner and Armstrong 2004). As the relative force–time
integral per lift and the range of motion during the first
exercise interval were similar in both age groups (Table 3),
this can be excluded as influencing factor. Thus, it seems
that children possess a faster metabolic adaptation from
rest to high-intensity exercise. In this regard, there are only
a few studies measuring PCr kinetics at the onset of
exercise in children, with results showing similar PCr
kinetics in children and adults during the transition from
rest to continuous exercise (Barker et al. 2008a; Tonson
et al. 2010). However, in contrast to the methods used in
the present study, previous research used less intensive
work-rate protocols, which makes it difficult to establish
comparisons. Information about _VO2 kinetics can provide
further insight into the PCr kinetics, assuming that it is
directly linked to pulmonary _VO2 kinetics during moderate
and heavy intensity exercise (Barstow et al. 1994; Rossiter
et al. 2002; Barker et al. 2008b). It was shown that children
show a significant faster on-transient _VO2 kinetic in mod-
erate and intense exercise compared to adults (Cooper et al.
1985; Williams et al. 2001; Fawkner et al. 2002; Fawkner
and Armstrong 2004), achieving a greater percentage of
their _VO2 max during the first 30 s of intensive exercise
(Armon et al. 1991). This would support the lower PCr
consumption during the first exercise bout in children in the
present study. Moreover the higher accumulation of PME
at the onset of the interval exercise in adults may suggest
that they rely more on the anaerobic metabolism (Rothman
et al. 1992; Crowther et al. 2002). In summary, the changes
in PCr and PME showed that in adult’s muscles, ATP
production during exercise relied more on anaerobic
sources like PCr, whereas children show a faster metabolic
adaptation from rest to exercise due to a stronger partici-
pation of the oxidative energy production.
Although we do not have enough measurements on the
oxidative capacity to support this idea, the faster _VO2
kinetic at the onset of exercise observed in children might
be explained by several factors. Children possess a higher
capillary density and a better intramuscular perfusion
which is related to an enhanced muscle blood flow
(Zanconato et al. 1993; Falk and Dotan 2006; Tonson et al.
2010). Comparing children and adults at similar intense
exercise, convective or diffusive oxygen supply may con-
tribute to the greater proportion of oxidative energy pro-
vision during contraction and recovery in children than in
adults. A previous study conducted with adults showed that
an improved blood and oxygen supply by means of lower
body negative pressure significantly enhances oxidative
ATP formation and fatigue resistance during intensive
interval exercise compared to control conditions (Zange
et al. 2008). Since adult muscle becomes ischaemic under
high load contraction, the initial PCr decrease was the same
with and without lower body negative pressure. The
improved oxidative metabolism by lower body negative
pressure during interval exercise in adults becomes visible
in the recovery phases from contraction. However, the
comparison of children and adults in the present study
shows different PCr decreases at the first exercise interval,
which hints that children may better maintain muscle
perfusion during the initial interval bout than adults, under
comparable loads normalised to 1RM. In addition to dif-
ferences in muscle perfusion, differences in mitochondrial
capacity and fibre type recruitment may contribute to the
2776 Eur J Appl Physiol (2013) 113:2769–2779
123
different metabolic reactions observed for children and
adults in this study (Bell et al. 1980; van Ekeren et al.
1991; Lexell et al. 1992; Evans and Lexell 1995; Malina
et al. 2004; Dotan et al. 2012).
During the second and subsequent exercise intervals no
further significant differences concerning the PCr time
course were found between age groups, although children
began the second exercise bout with significant higher PCr
levels (60 ± 14 %[PCr]i vs. 44 ± 9 %[PCr]i; P \ 0.01)
(Fig. 1). While in this phase PCr equally contributed to the
ATP formation in both age groups, a stronger participation
of the anaerobic glycolysis in adults is reflected by the
significantly stronger pH drop during exercise (Fig. 5). The
significantly higher PCr and pH values in children com-
pared to adults during repetitive bouts of high-intensity
exercise are in agreement with previous research (Zanco-
nato et al. 1993; Ratel et al. 2008). The large differences in
the pH drop during post-exercise recovery were caused by
the magnitudes of resynthesized PCr and the buffer
capacity properties of PCr (Robergs et al. 2004).
During post-exercise recovery, the time constant s
approached statistical significance (P = 0.099), suggesting
a faster PCr recovery in children than in adults. A major
part of previous research analysing the PCr kinetics during
post-exercise recovery showed a faster PCr recovery in
children compared to adults after submaximal and maximal
exercises (Taylor et al. 1997; Ratel et al. 2008; Fleischman
et al. 2010), whereas only one study found no differences
between pubertal children and adults after a moderate-
intense exercise (Barker et al. 2008a). Unfortunately, s-
values in our study showed a rather large variability in both
age groups. The difference in s-values became significant
when the smallest and highest values were eliminated
before statistical analyses in both groups. Nevertheless, the
lower s-value in children may not necessarily indicate a
higher mitochondrial capacity in children, because of the
different starting levels of PCr recovery in children and
adults. It was previously shown that a slower PCr resyn-
thesis in adults might be related to lower end-exercise PCr
levels and a higher acidosis, due to a positive correlation in
PCr recovery with end- exercise pH and maximum pH drop
during recovery (Bendahan et al. 1990; Kemp and Radda
1994). We can speculate that, this correlation could also be
explained by a temporary oxygen deficit during recovery
due to the very low end-exercise PCr levels found in adults,
although the previous mentioned research theoretically
exclude this fact. Our assumption can be supported by the
fact that lower PCr levels at the end of the contraction
intervals result in higher levels of Pi and ADP, which both
would result in higher rates of oxidative phosphorylation
by the mitochondria in case oxygen would not become a
rate limiting substrate (Kemp and Radda 1994). Despite the
post-exercise reactive hyperaemia, oxygen supply of
mitochondria may not meet the theoretically high oxygen
demand given by the activation, through Pi and ADP at
very low PCr levels. The visibility of deoxymyoglobin for
about 45 s after exhaustive exercise (Tran et al. 1999)
indicates a rather slow reoxygenation of the sarcoplasma.
Also the effects of lower body negative pressure on PCr
recovery after intensive exercise, previously mentioned
(Zange et al. 2008) only makes sense if oxygen was rate
limiting for oxidative phosphorylation during recovery at
least for some seconds. Therefore, the borderline difference
in s between adults and children in this study may not hint
to differences in the capacity of oxidative phosphorylation,
but is more likely the result of a temporary inhibition of
oxidative phosphorylation in adults, starting PCr recovery
at lower pH values and very low oxygen levels.
In summary, during high-intensity intermittent plantar
flexion exercise, in children’s muscles a higher proportion
of the ATP demand for muscle contraction was covered by
oxidative ATP formation compared with adult’s muscles.
In children this resulted in a lower PCr during the first
exercise interval, which enables children to start sub-
sequent exercise interval with significantly higher PCr
concentrations. Also muscle acidification was lower in
children than in adults during the high-intensity intermit-
tent exercise. It can be speculated that in children’s mus-
cles oxygen supply by perfusion during high-intensity
intermittent exercise better meets the demand of oxygen for
the increased rate of oxidative phosphorylation.
Conclusions
The present study showed that muscle high energy-rich
phosphate kinetics during and after a high-intensity inter-
mittent exercise normalised on 25 % of the 1RM, is dif-
ferent in children and adults. Children have a clear
advantage concerning the adaptation from rest to exercise
which was highlighted by a lower PCr depletion at the
onset of exercise. The average higher levels of PCr in
children indicate that their muscles were able to cover their
energy demands for contraction mainly by oxidative
metabolism whereas adult’s muscles were likely more
ischaemic and rely more on anaerobic energy sources (i.e.,
PCr and anaerobic glycolysis). This was also highlighted
by the lower pH values observed in adults. In children,
energy metabolism seems to be no limiting factor during
high-intensity interval exercise, which also explains the
commonly known faster recovery of children from
exhaustive exercise compared to adults.
Eur J Appl Physiol (2013) 113:2769–2779 2777
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